Varying the coinage metal in cyclic trinuclear pyrazolate complexes is found to significantly affect the solid-state packing, photophysics, and acid−base properties. The three isoleptic compounds used in this study are {[3,5-(CF 3 ) 2 Pz]M} 3 with M ) Cu, Ag, and Au (i.e., Cu 3 , Ag 3 , and Au 3 , respectively). They form isomorphous crystals and exist as trimers featuring nine-membered M 3 N 6 rings with linear two-coordinate metal sites. On the basis of the M−N distances, the covalent radii of two-coordinate Cu I , Ag I , and Au I were estimated as 1.11, 1.34, and 1.25 Å, respectively. The cyclic {[3,5-(CF 3 ) 2 Pz]M} 3 complexes pack as infinite chains of trimers with a greater number of pairwise intertrimer M‚‚‚M interactions upon proceeding to heavier coinage metals. However, the intertrimer distances are conspicuously short in Ag 3 (3.204 Å) versus Au 3 (3.885 Å) or Cu 3 (3.813 Å) despite the significantly larger covalent radius of Ag I . Remarkable luminescence properties are found for the three M 3 complexes, as manifested by the appearance of multiple unstructured phosphorescence bands whose colors and lifetimes change qualitatively upon varying the coinage metal and temperature. The multiple emissions are assigned to different phosphorescent excimeric states that exhibit enhanced M‚‚‚M bonding relative to the ground state. The startling luminescence thermochromic changes in crystals of each compound are related to relaxation between the different phosphorescent excimers. The trend in the lowest energy phosphorescence band follows the relative triplet energy of the three M I atomic ions. DFT calculations indicate that {[3,5-(R) 2 Pz]M} 3 trimers with R ) H or Me are bases with the relative basicity order Ag , Cu < Au while fluorination (R ) CF 3 ) renders even the Au trimer acidic. These predictions were substantiated experimentally by the isolation of the first acid−base adduct, {[Au 3 ] 2 :toluene} ∞ , in which a trinuclear Au I complex acts as an acid.
Introduction
Cyclic trinuclear complexes of d 10 transition metal ions represent an important class of coordination compounds whose significance spans multiple fundamental areas, including acid-base chemistry, metalloaromaticity, metallophilic bonding, supramolecular assemblies, M-M-bonded excimers and exciplexes, and host/guest chemistry. 1-8 Significant optoelectronic applications are anticipated for members of this class in view of the fascinating luminescence properties reported and their sensitivity to multiple stimuli. For example, Balch reported that {µ C,Ν -[MeOCdNMe]Au} 3 exhibits "solvoluminescence", 3a in which a spontaneous yellow emission is observed upon contact with solvent following irradiation with long-wavelength UV light. Related cyclic Au I trimers form deeply colored charge-transfer stacks with nitro-substituted 9-fluorenones 3b while some undergo gold deposition reactions on standing in air leading to hourglass figures within the crystals. 3c Fackler, Burini, and co-workers reported supramolecular stacks with visible luminescence that can be altered on interaction of nucleophilic imidazolate and/ or carbeniate Au I complexes with several types of electrophiles that include Tl + and Ag + cations, 4a a fluorinated cyclic trinuclear Hg II neutral complex, 4b and organic Lewis acids or electron acceptors. 1,4c Aida et al. reported the design of trinuclear Au I complexes that exhibit metallophilic interactions that lead to self-assembled dendritic "superhelical fibers" 6a and RGB phosphorescent organogels. 6b Gabbaï and co-workers reported the sensitization of room-temperature phosphorescence of polycyclic aromatic organic molecules upon interaction with [o-C 6 F 4 Hg] 3 ; 7a-c a similar phenomenon has been reported by Omary and Fackler for the interaction of perfluoronaphthalene with an electron-rich trinuclear Au I complex. 9 We have recently reported that a variety of trinuclear Cu I pyrazolates exhibit fascinating optical phenomena that include luminescence thermochromism, luminescence solVatochromism, luminescence rigidochromism, and concentration luminochromism. 8 Despite the extensive attention given to cyclic trinuclear d 10 complexes, a fundamental issue that remains outstanding regards the role played by the transition metal in determining the supramolecular structure, photophysics, and acid-base character of these trimeric complexes. This paper reports the first systematic effort to unravel the role of the coinage metal in a series of analogous cyclic trinuclear complexes. In particular, we describe the structures, luminescence, and acid-base properties of the trimeric Cu I , Ag I , and Au I complexes shown in Chart 1 featuring a highly fluorinated pyrazolate [3,5-(CF 3 ) 2 Pz] -ligand. 11 These {[3,5-(CF 3 ) 2 -Pz]M} 3 complexes (M 3 ) are colorless crystalline solids. X-ray-quality crystals of Ag 3 and Au 3 were obtained from CH 2 Cl 2 at -25°C whereas the copper analogue Cu 3 was crystallized from hexane. Table 1 shows the unit cell dimensions and important structural parameters for the three M 3 compounds. 12 The structural data in Table 1 entail highquality X-ray data (R 1 < 4%) for isomorphous forms (triclinic, P1 h) of the three compounds at the same temperature (100 K), so as to warrant a reasonable comparison of the effect of the coinage metal on the molecular and supramolecular structures under normalized conditions. The triclinic (P1 h) structure of Ag 3 at 100 K in Table 1 represents a polymorph of another structure of the same compound, which has been determined at room temperature 10 to have a monoclinic C2/c crystalline form for crystals obtained from hexane solutions. Though the structure of Au 3 had been determined by Bonati et al., 13 the structural data were reported to be of low quality due to crystal deterioration; hence, a redetermination was warranted. We have recently reported the structure of Cu 3 at 100 K 8b so the data for this compound are included here for comparison purposes.
Results and Discussion
The three complexes exist as trimers featuring ninemembered M 3 N 6 rings and two-coordinate metal sites ( Figure  1 ). The M 3 N 6 moieties are essentially planar. For example, the mean and largest deviation from the M 3 N 6 plane for Cu 3 , Ag 3 , and Au 3 are 0.06, 0.04 Å, 0.10, 0.05 Å, and 0.13, 0.07 Å, respectively. The metal ions adopt a linear geometry with the silver(I) analogue showing the largest deviation from the ideal 180°(N-Ag-N range 172.0-177.7°); it is also the system showing the shortest intertrimer M‚‚‚M contacts.
The fundamental role of intertrimer bonding in the luminescent states of cyclic trimeric coinage metal complexes [3] [4] [5] [6] 8 makes it essential to compare the supramolecular structures of the three M 3 isomorphous compounds. Figure 2 shows that all three compounds possess intertrimer M‚‚‚M interactions, which are responsible for the resulting supramolecular extended structures. The Ag 3 complex forms zigzag chains (Figure 2 ), consistent with a trend of increasing relativistic effects, which are known to play a role in stabilizing metallophilic bonding. 16 It is however surprising to find that the shortest intertrimer M‚‚‚M distance is observed in Ag 3 (3.204 Å) rather than in Cu 3 (3.813 Å) or Au 3 (3.885 Å) despite the significantly larger covalent radius of Ag I compared to that of Cu I or Au I (vide infra).
Metallophilic bonding, especially when it involves multiple metal centers, is rather delicate and is only one component among other intermolecular forces (e.g., multipolar interactions, hydrogen bonding, π stacking) that contribute to the stabilization of the packing in the solid state. 17 The high quality of the X-ray data and the isomorphous structures of all three M 3 compounds permit a direct comparison of the covalent radii of the three monovalent coinage metal ions. The average M-N distances in Cu 3 , Ag 3 , and Au 3 are 1.859(2), 2.091(3), 1.996(4) Å, respectively (Table 1) . Using the currently accepted covalent radius of N (0.75 Å), 19 we thus estimate the covalent radius for twocoordinate Cu I , Ag I , and Au I as 1.11, 1.34, and 1.25 Å, respectively. These values are in excellent agreement with those proposed by Schmidbaur using two-coordinate coinage metal adducts of Mes 3 P (1.13, 1.33, and 1.25 Å for Cu I , Ag I , and Au I , respectively). 20 The excellent agreement occurs despite the fact that the Cu I complex in the Schmidbaur work, unlike the coinage metal trimers studied here, contains a solvent molecule and is not isomorphous with the Ag I and Au I complexes. On the other hand, while no intramolecular and intermolecular M‚‚‚M interactions exist in the phosphine complexes, such interactions do exist here. However, the striking similarity with the values proposed by Schmidbaur suggests that the weak metallophilic interactions (3.2-4.0 Å, Table 1 Omary et al. Figure 3 . Crystals of each compound exhibit striking luminescence thermochromism, the most dramatic of which is for Au 3 whose emission color can be coarse-tuned from the UV region (λ max ∼ 365 nm) at 4 K to green (λ max ∼ 535 nm) upon heating toward 77 K and then to orange (λ max ∼ 660 nm) upon further heating toward room temperature. Cu 3 exhibits yellow and red emission bands while Ag 3 exhibits UV and blue emission bands. In all cases, the lower energy bands become more dominant upon heating to higher temperatures. The emission bands of all three compounds represent phosphorescence with lifetimes on the order of 10-100 µs, they are unstructured in profile, and they possess a substantial energy gap between the corresponding emission and excitation maxima (Figure 3) . UV excitations at very short wavelengths (λ e 290 nm) are required to generate the visible emissions in all three complexes (Figure 3) . Though these excitation wavelengths are rather short, they are significantly red shifted from the major solution absorption maxima. Dilute solutions of Cu 3 , Ag 3 , and Au 3 exhibit electronic absorption spectra (Figure 4 ) with major peaks between 212 and 230 nm ( ) 7.11 × 10 3 , 7.02 × 10 4 , and 2.12 × 10 3 M -1 cm -1 , respectively, in HPLC-grade cyclohexane). The high molar absorptivities and energies suggest that these absorption bands likely represent spin-allowed transitions to excited states that have a charge-transfer character. Results of DFT calculations for {PzM} 3 models suggest that the lowest energy absorption involves a transition 
D Inorganic Chemistry

Metal Effect in Trinuclear Pyrazolates
Inorganic Chemistry E between a filled orbital with a strong ligand character to a vacant orbital with a strong metal character showing intratrimer M-M σ (n+1)s bonding. Figure 5a illustrates this for {PzCu} 3 ; similar contours were obtained for the analogous
Ag and Au monomers of trimers. On the basis of the above spectroscopic and computational results, we assign the major absorption bands of M 3 solutions to 1 LMMCT excited states. However, weak solution absorption features, which correspond to the crystals' phosphorescence excitation spectra, are discernible at longer wavelengths (Figure 4) . The extinction coefficient for these weak absorption features are on the order of 10-50 M -1 cm -1 for M 3 solutions. 36 These observations suggest that the lowest energy features in the luminescence excitation spectra of the single crystals likely represent spin-forbidden transitions; hence, the large energy difference from the corresponding phosphorescence energies represents an energy gap between spin-forbidden transitions. The underlying huge Stokes' shifts and the overall spectral observations above indicate rather significant excited-state distortions for the phosphorescent states of the three compounds. Zigzag chains of coinage metal pyrazolate trimers contain adjacent d 10 centers, which in principle should lead to multiple excitation possibilities between antibonding to bonding frontier orbitals. Such excitations would result in enhanced M-M bonding in the excited state to explain the large excited-state distortion.
To gain specific insights about the structure of the excited state, density functional and Møller-Plesset calculations were performed on {PzM} 3 and [{PzM} 3 ] 2 (M ) Cu, Ag, Au). The results of these calculations do indicate that the excited-state distortion mode is enhanced M-M bonding following photon absorption. Figure 5b, Figure 5 and a variety of similar transitions between frontier orbitals lead to singlet and triplet excited states that are subject to spin-orbit splitting and configuration mixing, leading to multiple excited states with enhanced M-M bonding that may decay radiatively to the weakly bound ground state. Figure 6 shows a qualitative model of the photophysics in a compound with three phosphorescent 3 MM states, such as the case in Au 3 . At high enough temperatures (e.g., room temperature), relaxation to the lowest emissive state takes place and one emission band is seen (orange for Au 3 ). Such a relaxation may be hindered at low temperatures, leading to possible emissions from higher lying M-M bound states at cryogenic temperatures. Internal conversion between different phosphorescent states is possible upon progressive heating. For the Au 3 complex, for example, such internal conversion processes lead to the phosphorescence color change from UV f green upon heating in the 4-77 K range and from green f orange upon heating between 77 K and room temperature. Similar models involving only two bound phosphorescent states can explain the observed luminescence thermochromism in Ag 3 and Cu 3 . The photophysical data for Cu 3 , however, suggest a poor efficiency of the internal conversion from the yellow to the red component in the cold temperature range, as cooling to 4 K does not isolate the yellow component or significantly increase its relative intensity from what it was at 77 K; this result was reproduced multiple times. Unlike Au 3 and Cu 3 , crystals of Ag 3 do not exhibit detectable emissions at room temperature. Nevertheless, the UV f blue internal conversion in Ag 3 is rather efficient even at very cold temperatures. A sudden reversal of the relative intensity occurs upon fine changes in temperature around 30 K, above which the blue emission Omary et al.
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becomes the dominant band. Though one would be tempted to invoke a structural phase transition to be a possible cause for such a luminescence thermochromic change, we rule out this possibility because the overall temperature-dependent luminescence data for Ag 3 and also the Cu and Au analogues show that the excitation profiles are essentially temperature independent, unlike the emission data. Since a phase transition is a ground-state behavior, its occurrence should lead to changes in ground-state properties such as absorption or excitation energies. The crystallographic data discussed above do not entail any space group changes upon temperature variations for the same crystal of any of the three compounds. While these structural data do suggest temperature-dependent changes in intertrimer M‚‚‚M separations and overall contractions in the unit cell volumes upon cooling (vide supra), we rule out the possibility that intermetal contractions are responsible for the dramatic luminescence thermochromic changes in crystals of the M 3 complexes herein. Although such effects are known for other closed-shell coordination compounds that show anisotropic M‚‚‚M packing in the solid state, 37 the major consequence of such thermal compressions is usually 37 a gradual red shift in the emission maximum of one band upon cooling. In contrast, the luminescence data here for M 3 crystals clearly show that the temperaturedependent changes are instead manifested by appearance of new higher energy emissions concomitant with the disappearance of the lower energy bands upon cooling while each of the bands exhibits insignificant changes in energy. Thus, the model we propose in Figure 6 to explain the excitedstate structure and luminescence thermochromism in M 3 crystals entails photophysical transformations between different M-M bound excited states as opposed to changes in either the ground state or within a given emitting state. We have proposed a similar explanation for a variety of {[3-(R),5-(R′)Pz]Cu} 3 complexes, which also undergo significant luminescence thermochromic changes. 8 Recently, Coppens et al. reported an elegant study in which the crystal structure of the phosphorescent excited state of Cu 3 at 15 K was directly measured by time-resolved X-ray diffraction. 18 The results showed that the trimeric molecules diffused in the solid state following photon absorption, leading to a series of dimers of trimers in which one of the intermolecular CuCu distances is reduced by 0.56 Å, from 4.018(1) Å to 3.46-(1) Å, while the interplanar spacing between the two bound trimers is reduced by 0.65 Å! 18 These structural results are clearly consistent with our spectroscopic and theoretical interpretations here and in ref 8 about the excited-state structure of trinuclear coinage metal pyrazolates while specific insights regarding the excited-state structural changes that accompany the drastic luminescence thermochromism in such compounds must await time-resolve diffraction studies of the same crystal at different temperatures.
The observation of multiple phosphorescence bands in a pure single crystal of the same molecular compound is contradictory to a common rule of thumb in photophysics known as "Kasha's rule", by which higher lying states of the same spin multiplicity are presumed to cascade to the lowest energy state within that spin manifold by a series of internal conversions. 38 However, numerous exceptions to this rule have been reported. Relevant examples include the multiple phosphorescence bands in *Hg n excimeric clusters, 39 copper halide clusters, 40 and ruthenium(II) complexes 41 and also multiple fluorescence bands in excimer-forming aromatic hydrocarbons such as pyrene. 42 We have carried out temperature-dependent lifetime studies for crystals of the three compounds on the basis of the assignment discussed above. The data illustrate a large increase in the lifetime values for each band upon cooling. This increase is especially substantial in the coldest temperature range (4-25 K) at which a very sharp slope is seen due to annihilation of the nonradiative decay rate at such temperatures. Extrapolation of this slope to 0 K for the dominant bands in this temperature range gives rise to a radiative decay rate constant, k r , of 1.45 × 10 4 , 1.73 × 10 4 , and 1.68 × 10 4 s -1 for Cu 3 (∼660 nm), Ag 3 (∼395 nm), and Au 3 (365 nm), respectively. Assuming unity intersystem crossing, these values and the lifetimes at 4 K give rise to phosphorescence quantum yields of 98.8%, 87.7%, and 94.2% for crystals of Cu 3 , Ag 3 , and Au 3 , respectively. These values drop slightly upon heating within the same linear range of ∼4-25 K. A similar treatment was possible for the green emission band of Au 3 because it also appears in the cold temperature range, starting at 10 K, in addition to the 365 nm band. Figure 7 serves to illustrate the treatment of the temperature-dependent lifetime data in this work by plotting the data for the green emission band of Au 3 . The sharp slope in the coldest temperature range (10-25 K) gives rise to k r ) 6.78 × 10 3 s -1 and a corresponding quantum yield of 81.3% at 10 K. At higher temperatures, the higherenergy excited states are depopulated via internal conversion to lower energy phosphorescent states and the kinetic treatment becomes more complicated, especially due to possible existence of thermal equilibration between spinorbit states. 41 The trend in the lowest energy emission band (maximum at 15.1× 10 3 , 21.7 × 10 3 , and 15.0 × 10 3 cm -1 for Cu 3 , Ag 3 , and Au 3 , respectively) may be traced to the energy of the lowest triplet state (relative to the singlet ground state) of the three monovalent coinage metal ions, E( 3 D) ) 22.6 × 10 3 , 40.6 × 10 3 , and 18.5 × 10 3 cm -1 for Cu I , Ag I , and Au I , respectively. 43 However, other factors must be considered for a rigorous comparison among the three coinage metal complexes (e.g., spin-orbit splitting, ligand-field splitting, and extent of excited-state interactions). Quantification of these factors warrants further spectroscopic and theoretical studies, which are underway for M 3 and other coinage metal multinuclear complexes.
Acid-Base Properties. The last aspect considered in the comparison of coinage metal pyrazolate trimers involves their acid-base behavior. Figures 8 and 9 show the calculated molecular electrostatic potentials (MEPs) and elucidate the role of both the metal and R substituents on the acid-base behavior of {[3,5-(R) 2 Pz]M} 3 models. The results suggest that complexes with R ) H or Me are bases with the relative basicity order Ag , Cu < Au. However, fluorination of the pyrazolates makes even the Au trimer acidic, suggesting that the ligand effect can countermand the metal-based acidity/ basicity in these complexes. Ongoing experimental efforts in our laboratories indicate the formation of binary acidbase compounds with aromatic molecules using the MEP predictions as a guide. An example is shown in Figure 10 for an adduct that formed between Au 3 and toluene. This was isolated from a toluene solution of Au 3 . The supramolecular structure of this adduct entails infinite chains with each chain consisting of alternating toluene and [Au 3 ] 2 dimer- 4c Both adducts have 2:1 stacks with much shorter Au‚‚‚Au separations than in the corresponding trimeric complex without the organic component. While the shortening in the TCNQ adduct with the basic trimeric complex was ascribed to a partial oxidation of the Au I trimer, we expect that the opposite (i.e., partial reduction of Au 3 ) is true in the toluene adduct here with the acidic fluorinated trimer. Chemical intuition dictates that partial reduction of the dimer-of-trimer model shown in Figure 5 will indeed lead to strengthening of the intertrimer Au-Au bonding.
Concluding Remarks
In summary, varying the coinage metal in cyclic pyrazolate trimeric complexes substantially affects the solid-state packing, photophysics, and acid-base properties. The remarkable luminescence properties are manifested by the appearance of multiple unstructured phosphorescence bands whose colors and lifetimes change qualitatively upon varying the coinage metal and temperature. 
Experimental Methods
Physical Measurements. The luminescence measurements were carried out at the University of North Texas for crystalline material carefully examined by optical microscopy. Steady-state luminescence spectra were acquired with a PTI QuantaMaster model QM-4 scanning spectrofluorometer. The excitation and emission spectra were corrected for the wavelength-dependent lamp intensity and detector response, respectively. Lifetime data were acquired using fluorescence and phosphorescence subsystem add-ons to the PTI instrument. The pulsed excitation source was generated using the 337.1 nm line of the N 2 laser pumping a freshly prepared 1 × 10 -2 M solution of the continuum laser dye Coumarin-540A in ethanol, the output of which was appropriately tuned and frequency doubled to attain the excitation wavelengths needed based on the lumines-cence excitation spectra for each compound. Cooling in temperaturedependent measurements for the crystals was achieved using an Oxford optical cryostat, model Optistat CF ST, interfaced with a liquid-helium tank. Absorption spectra were acquired with a PerkinElmer Lambda 900 double-beam UV/vis/NIR spectrophotometer for solutions of crystalline samples prepared in HPLC-grade cyclohexane using standard 1-cm quartz cuvettes.
General Procedures. All manipulations were carried out under an atmosphere of purified nitrogen using standard Schlenk techniques. Solvents were purchased from commercial sources, distilled from conventional drying agents, and degassed by the freezepump-thaw method twice prior to use. Glassware was oven-dried at 150°C overnight. NMR spectra were recorded at 25°C on a JEOL Eclipse 500 spectrometer ( 1 H, 500. 80 g, 3 .90 mmol) was dissolved in dry tetrahydrofuran (20 mL) and treated with 60% excess of sodium hydride (0.12 g, 4.96 mmol) at room temperature. The mixture was stirred for few minutes and filtered to remove unreacted sodium hydride. The filtrate was added to Au(THT)Cl (1.00 g, 3.09 mmol) at room temperature and stirred for 6 h. The resulting mixture was filtered, and the precipitate was washed with tetrahydrofuran. The combined filtrate was evaporated under reduced pressure to obtain a white solid (1.23 g, 60%). It was recrystallized from dichloromethane at -25°C to obtain X-ray-quality crystals of {[3,5-(CF 3 2 Pz]Au} 3 ‚0.5toluene was obtained at -25°C from a toluene solution. A suitable crystal from each sample covered with a layer of hydrocarbon oil was selected and mounted with Paratone-N oil on a Cryo-Loop and immediately placed in the low-temperature nitrogen stream. The X-ray intensity data were measured at 100(2) K on a Bruker SMART APEX CCD area detector system equipped with an Oxford Cryosystems 700 series cooler, a graphite monochromator, and a Mo KR fine-focus sealed tube (λ ) 0.71073 Å). The detector was placed at a distance of 5.995 cm from the crystal. The data frames were integrated with the Bruker SAINT-Plus (version 6.45) software package. Data were corrected for absorption effects using the multiscan technique (SADABS). The structures were solved and refined using Bruker SHELXTL (version 6.14) software package. All three compounds crystallize in the P1 h space groups. The solution and refinement proceeded smoothly. One of the CF 3 groups of {[3,5-(CF 3 ) 2 Pz]-Ag} 3 displays a minor 3-fold rotational disorder over two positions, which was modeled successfully at 91% and 9% occupancy. The hydrogen atoms were placed in idealized positions and included as riding atoms. All non-hydrogen atoms were refined anisotropically (except for the F atoms in the minor component of the disordered CF 3 ). A summary of the X-ray data is presented in Table  1 . Further details of the data collection and refinement are given in the CIF file. The {[3,5-(CF 3 ) 2 Pz]Cu} 3 structure was reported earlier. 8b It also crystallizes in the P1 h space group.
Computational Methods
The calculations employed the GAMESS (molecular electrostatic potentials), Gaussian98 (preliminary sensitivity analyses for density functional theory (DFT) methods on trimer models), or Jaguar (DFT and MP2 calculations on dimer of trimer models) programs. [45] [46] [47] The predicted geometries of the coinage metal pyrazolate trimer complexes were found to be insensitive to the methods (Hartree- Omary et al.
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Fock, pure and hybrid functionals, Møller-Plesset second-order perturbation theory (MP2)) and basis sets (Los Alamos, 48 Stevens 49 effective core potentials (ECPs), and basis sets) by comparison with experimental structures of known congeners. Production calculations therefore employed the Stevens 49 potentials (SBK) for all heavy atoms and the -31G basis set for hydrogen in conjunction with the B3LYP 50 functional. Main group element basis sets were augmented with a d-polarization function taken from the 6-31G* basis set. 51 For calculations with Jaguar the all-electron 6-31G* basis set was used for H, C, and N. Molecules were fully optimized within either C s or C i symmetry, and all species were characterized as minima by calculation of the energy Hessian at the appropriate level of theory.
